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AAA+ proteases are frequently regulated by
adaptors that modulate spatial and temporal
control of protein turnover. Caulobacter cres-
centus is an a-proteobacterium which requires
protein degradation by the AAA+ ClpXP prote-
ase for cell-cycle progression, and contains an
adaptor (SspBa) that binds ssrA-tagged pro-
teins and targets them to ClpXP. Here we de-
termine the tag-binding specificity and crystal
structure of SspBa. Despite poor sequence
homology, the overall SspBa fold resembles
orthologs from other bacteria. However, several
structural features are specific to the SspBa
subfamily, including the dimerization interface,
binding surfaces optimized for ssrA-tag deliv-
ery, and residues in the tag-binding groove
that act as selectivity gatekeepers for substrate
recognition. Mutagenesis of these residues
broadens specificity, creating a promiscuous
adaptor that recognizes an expanded substrate
repertoire. These results highlight general fea-
tures of adaptor-mediated substrate recogni-
tion and shed light on design principles that
underlie adaptor function.
INTRODUCTION
Degradation is an irreversible method of regulating protein
function, and thus strict oversight of substrates targeted
for destruction is necessary. Proteolysis plays a role in
both housekeeping functions, such as in the elimination
of misfolded proteins and in modulating the fidelity and
duration of signaling cascades, and therefore specific
and controlled management of protein degradation is crit-
ical. Several strategies have evolved to balance the need
for rapid targeting of key substrates with the requirement
for high specificity (for a review, see Baker and Sauer,
2006). One method of regulation uses adaptors that tether
specific substrates to their cognate proteases.
SspB-mediated targeting of ssrA-tagged substrates to
ClpXP has become a paradigm for adaptor-mediated1296 Structure 15, 1296–1305, October 2007 ª2007 Elsevier Ldegradation. The tmRNA system directs cotranslational
addition of the ssrA peptide tag to proteins whose bio-
synthesis cannot be completed normally, and ClpXP,
an AAA+ protease, subsequently degrades these ssrA-
tagged proteins (for a review, see Moore and Sauer,
2007). SspB dimers accelerate degradation of ssrA-
tagged proteins by physically tethering them to ClpXP
(Levchenko et al., 2000; Wah et al., 2002). Each SspB
subunit has a domain that binds part of the ssrA tag,
a flexible linker, and a C-terminal peptide that binds
ClpX (called the XB motif; Dougan et al., 2003; Lev-
chenko et al., 2003; Song and Eck, 2003; Wah et al.,
2003). Bivalent tethering of SspB to ClpX is important,
as variants with just one XB motif deliver substrates in-
efficiently (Bolon et al., 2004b; McGinness et al., 2007).
In Escherichia coli, where SspB is best studied, the
binding sites for SspB (residues 1–7) and ClpX (residues
9–11) in the 11 residue ssrA tag are close enough to
cause a minor clash during substrate handoff, reducing
the efficiency of SspB-mediated delivery (Bolon et al.,
2004a; Flynn et al., 2001; Hersch et al., 2004). These
facts suggest that a balance of enhancing and inhibitory
forces tunes the efficiency and rate of SspB-mediated
degradation.
Close homologs of E. coli SspB exist in Haemophilus
influenzae and most other g-proteobacteria, as well as
in b-proteobacteria (STRING; von Mering et al., 2007).
Recently, more distant orthologs (called SspBa) were
identified in Caulobacter crescentus and other a-proteo-
bacteria (Chien et al., 2007; Lessner et al., 2007). Despite
limited sequence homology with its g- and b-proteobac-
terial relatives, C. crescentus SspBa (PFAM ID code
DUF1321) stimulates degradation of ssrA-tagged sub-
strates by C. crescentus in vivo or by either E. coli or
C. crescentus ClpXP in vitro (Lessner et al., 2007; Chien
et al., 2007; P.C., unpublished data), providing an oppor-
tunity to probe the evolutionary diversification of adaptor-
mediated degradation control.
Here we study the specificity of C. crescentus SspBa
binding to cognate and noncognate ssrA tags and de-
termine the crystal structure of this adaptor bound to
a cognate ssrA peptide. SspBa binds too poorly to
the E. coli ssrA tag to strongly enhance degradation of
substrates bearing this tag, because a residue specific
to a-proteobacterial ssrA tags is critical for SspBa rec-
ognition. The binding groove of SspBa appears moretd All rights reserved
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compared to other SspBs, suggesting that the role of
SspBa in a-proteobacteria may be more specialized to
deliver a more limited class of substrates. Taken to-
gether, our results shed light on principles of SspB-
like adaptors that will guide the search for natural
adaptors and assist in the de novo design of novel
adaptors.
Figure 1. SspBa Preferentially Binds the a-Proteobacterial
ssrA Peptide
(A) SspBa binds the E. coli ssrA peptide weakly (KD = 42 ± 5 mM)
and the C. crescentus ssrA peptide tightly (KD = 0.24 ± 0.02 mM).
The lines are nonlinear least-squares fits of the data to a 1:1
equilibrium binding model; the x axis represents monomer subunit
concentration.
(B) Scanning-array mutagenesis of the C. crescentus ssrA peptide
highlights the importance of the NDN motif. Rows represent resi-
dues/positions targeted for mutagenesis and columns represent
substitutions. Asterisks denote the wild-type peptide. Darker spots
reflect tighter SspBa binding.
(C) Alignment of ssrA peptide tags from representative a-proteobac-
teria and the E. coli g-proteobacterium.Structure 15, 1296–13RESULTS AND DISCUSSION
Specificity of SspBa for Cognate and Noncognate
ssrA tags
C. crescentus SspBa bound tightly to its cognate ssrA tag
(CCssrA; KD = 0.24 ± 0.03 mM) but had 175-fold lower af-
finity for the E. coli ssrA tag (ECssrA), which differs in
sequence and length (Figures 1A and 1C). To identify tag
Figure 2. Effects ofMutations in theE. coli ssrA Tag on SspBa
Binding
(A) Binding of SspBa to an array of E. coli ssrA peptides containing sin-
gle-residue substitutions. The E5Nmutation enhances SspBa binding.
(B) SspBa does not bind GFP bearing the wild-type E. coli ssrA tag (top
panel) but does bind GFP with the E5N mutant tag (bottom panel) in
gel-filtration experiments monitored by GFP absorbance.
(C) Tighter binding results in more efficient turnover of GFP with the
E5N mutant tag. Reactions contained 0.1 mM C. crescentus ClpX,
0.2 mM C. crescentus ClpP, and 0.25 mM tagged GFP. When present,
the SspBa concentration was 1 mM.05, October 2007 ª2007 Elsevier Ltd All rights reserved 1297
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Structure of an SspB Orthologresidues important for SspBa binding, we probed a pep-
tide array containing variants in which 12 N-terminal
residues of CCssrA (14 residues total) were singly replaced
by every other amino acid (Figure 1B). Almost all substitu-
tions were tolerated at CCssrA-tag residues 6–12, whereas
residues 1–5 were principally responsible for SspBa bind-
ing. At the first two positions, the wild-type A1 and A2
residues were preferred, although a number of substitu-
tions were tolerated to varying extents. The most impor-
tant residues for specific binding were N3, D4, and N5
(called the NDN motif). Except for N3H, N5H, and N5D,
these positions were quite intolerant of substitutions.
The NDN motif is present in the ssrA tags of all a-proteo-
bacteria but is absent from the ECssrA tag (Figure 1C), as
well as from ssrA tags in most other g- and b-proteobac-
teria. These results suggest that a conserved interaction
between the NDN motif of the ssrA tag and the SspBa
adaptor is a hallmark of a-proteobacteria.
To probe the molecular underpinnings of selectivity,
we prepared a second array to test whether substitutions
at positions D4, E5, N6, or Y7 of the ECssrA-tag sequence
might improve binding to SspBa. The E5N substitution,
which creates an NDN motif, markedly strengthened
SspBa binding to the variant E. coli tag (Figure 2A). In
gel-filtration experiments, SspBa bound GFP bearing
the E5N variant but not the wild-type ECssrA tag
(Figure 2B), confirming the importance of an NDN se-
quence for SspBa recognition. To test the functional con-
sequences of binding, we tested the ability of SspBa to
deliver these protein substrates for ClpXP degradation.
Figure 3. Structure of SspBa Bound to Its Cognate ssrA
Peptide, PDB ID Code 2QAS
Views parallel (top) and perpendicular (bottom) to the dimer two-fold
axis of SspBa. The two ssrA peptides are oriented in an antiparallel
fashion. In the top view, arrows point toward the C terminus of the
ssrA peptide; in the bottom orientation, the plus sign denotes an arrow
pointing out of page and the minus sign denotes an arrow pointing into
the page.1298 Structure 15, 1296–1305, October 2007 ª2007 ElsevierSspBa stimulated degradation of GFP bearing the E5N
variant but not the wild-type ECssrA tag (Figure 2C).
These results demonstrate that a high-affinity interaction
between SspBa and a tagged substrate is required for
delivery to ClpXP and show that critical adaptor-sub-
strate recognition contacts have diversified between the
g- and a-proteobacteria.
Cocrystal Structure
To reveal the molecular contacts responsible for specific-
ity, we solved the crystal structure of the C. crescentus
SspBa substrate-binding domain with and without the
CCssrA peptide (Figure 3; Table 1). The structures of the
bound (Protein Data Bank [PDB] ID code 2QAS) and free
(PDB ID code 2QAZ) adaptors were nearly identical,
showing that tag binding does not cause substantial con-
formational changes. As expected from the g-proteobac-
terial SspBs and solution studies (Lessner et al., 2007;
Levchenko et al., 2003; Song and Eck, 2003; Wah et al.,
2002; P.C., unpublished data), the substrate-binding do-
main of SspBa formed a dimer in the crystal.
Table 1. Data Collection and Refinement Statistics
PDB ID
Code 2QAS
PDB ID
Code 2QAZ
Data Collection
Space group P64 P213
Cell dimensions
a, b, c (A˚) 121.8, 121.8, 27.7 131.2, 131.2, 131.2
a, b, g () 90, 90, 120 90, 90, 90
Resolution (A˚) 2.55 (2.64–2.55)a 2.70 (2.80–2.70)
Rmerge 7.4 (37.7) 9.1 (35.1)
I/sI 32.8 (2.35) 26.6 (4.37)
Completeness (%) 94.3 (80.5) 99.8 (98.7)
Redundancy 10.3 (5.8) 7.2 (5.5)
Refinement
Resolution (A˚) 2.55 2.7
Number of
reflections
7,531 20,889
Rwork/Rfree 0.21 (0.26) 0.23 (0.27)
Number of atoms
Protein 1,009 3,678
Water 19 60
B factors
Protein 69.4 56.6
Water 61.0 29.9
Root-mean-square deviations
Bond lengths (A˚) 0.008 0.006
Bond angles () 1.4 1.2
a The highest resolution shell is shown in parentheses.Ltd All rights reserved
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(A) Alignment of E. coli SspB, H. influenzae SspB, and C. crescentus SspBa displaying conserved secondary structure elements. Alignment was
performed using Jalview (Clamp et al., 2004). Residues responsible for dimer interface (red), ssrA peptide binding (green), and binding to ClpX
(XB motif; blue) are highlighted in the alignment.
(B) Cartoon schematic of important features mapped onto a model of the SspBa structure using the same color coding.
(C) Conservation of residues within a-proteobacterial SspBas (red).
(D) Conservation of residues between all SspBas and g- and b-proteobacterial SspBs (orange) highlights the peptide-binding groove as being most
preserved. Darker color represents higher conservation in these representations. Color coding of conservation was performed using the ProtSkin tool
(Deprez et al., 2005).Comparison of the SspBa structure with the known
g-proteobacterial structures revealed similarities and dif-
ferences. An alignment of the E. coli, H. influenzae, and
C. crescentus SspB family members highlights the simi-
larities between these structures (Figures 4A and 4B).
The ssrA peptides were bound to similar regions of the
adaptors (Figure 4A), and the topology/structure of the
b sandwich peptide-binding region was very similar, with
a root-mean-square deviation of 1.08 A˚ between main-
chain atoms for the E. coli and C. crescentus domains
(Figure 5A). This structural conservation is notable, be-
cause sequence homology is very limited (Figure 4A).
For example, the substrate-binding domain of C. cres-
centus SspBa shares just 16% and 13% identity, respec-
tively, with the corresponding domains of E. coli and
H. influenzae SspB (Figure 4A).
The packing of two a helices stabilizes the SspBa dimer
(Figure 3), as observed in E. coli and H. influenzae SspB
(Figures 5B and 5C), but the dimerization helices in SspBa
are longer by two complete helical turns, more twisted,Structure 15, 1296–1and bury more surface area (980 A˚2/subunit compared
to 740 A˚2/subunit). Because of these dimer-interface
changes, the SspBa dimer is about 10 A˚ longer than the
E. coli and H. influenzae dimers, and the orientations of
the conserved b sandwich regions are rotated by 20
(Figure 5B). This rotation and an altered path of the C
terminus of the bound peptide causes the two CCssrA-
tag peptides to emerge from the dimer in an antiparallel
orientation (Figure 3). In E. coli and H. influenza SspB, by
contrast, both ssrA tags point in the same direction
(Figure 5C). Despite these structural differences, SspBa
is as efficient as E. coli or H. influenza SspB in delivering
ssrA-tagged substrates to either C. crescentus or E. coli
ClpXP (Chien et al., 2007; P.C., unpublished data). These
results suggest that neither a distinct quaternary architec-
ture nor a precise presentation geometry of the tagged
substrate to ClpXP is critical for the activity of these adap-
tors. Flexible tethering of the SspB substrate-binding
domains to the N-terminal domains of ClpX presumably
allows efficient handoff of tagged substrates to the ClpX305, October 2007 ª2007 Elsevier Ltd All rights reserved 1299
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Structure of an SspB OrthologFigure 5. Structural Comparison of
SspBa to SspB Orthologs
(A) Structural alignment of the b sandwich pep-
tide-binding pocket of C. Crescentus SspBa
(orange) and E. coli SspB (PDB ID code
1OX9; black).
(B) The C. crescentus SspBa dimer interface is
more twisted and extended than the interface
in H. influenzae SspB (PDB ID code 1OU8) or
E. coli SspB (not shown).
(C) The two peptides in the E. coli SspB/ssrA
complex (PDB ID code 1OX9) are parallel,
unlike the SspBa/ssrA complex (see Figure 3).
Arrows point toward the C terminus of the ssrA
peptide.pore despite differences in the mode of adaptor-substrate
binding (Bolon et al., 2004b; Dougan et al., 2003; Lev-
chenko et al., 2005; Wah et al., 2003).
The Peptide-Binding Pocket
An alignment of the E. coli, H. influenzae, and C. cres-
centus SspB family members emphasizes the preserva-
tion of secondary structure elements that make up the
peptide-binding pocket and dimerization interface (Fig-
ures 4A and 4B). The residues that form the peptide-
binding groove of SspBa are highly conserved within
the a-proteobacteria family (Figure 4C). Moreover, al-
though SspBa shares limited homology with orthologs
from non-a-proteobacteria, the highest degree of con-
servation is observed in this peptide-binding region
(Figure 4D). This result is easily rationalized, as ssrA-
tag sequences in different proteobacteria invariably
begin with AAND, and each of these residues is
important for SspB recognition in both E. coli and C.
crescentus.
In agreement with our peptide-array data (Figure 1B),
the NDN motif of the CCssrA tag makes extensive and
specific contacts with SspBa. The N3 side chain in the
tag makes hydrogen bonds with the V72 main chain in
SspBa, and the D4-tag side chain hydrogen bonds to
main-chain atoms of G94 and G95 in SspBa (Figure 6).
Portions of the tag peptide backbone also make close
contacts with the side chains of H75 and Q76 in SspBa
(Figure 6). Finally, the N5 side chain in the tag hydrogen
bonds with the side chain of Q74 in SspBa. This contact
is the only interaction between side chains in the binding
interface (Figure 6). Indeed, main-chain atoms of SspBa
mediate most contacts with the CCssrA tag. In the E. coli
and H. influenzae complexes, SspB main-chain atoms
almost exclusively mediate hydrogen bonding to side
chains of the ssrA tag (Levchenko et al., 2003; Song and
Eck, 2003).1300 Structure 15, 1296–1305, October 2007 ª2007 Elsevier LE. coli SspB also binds a peptide sequence in the anti-s
factor protein, N-RseA, and delivers this substrate for
ClpXP degradation (Flynn et al., 2004). However, cocrystal
structures show that the E. coli ssrA and N-RseA peptides
bind SspB in very different fashions, with only partial over-
lap of binding surfaces (Levchenko et al., 2005). We found
that C. crescentus SspBa did not bind the E. coli N-RseA
peptide (Figure 7A). Indeed, modeling suggests that N-
RseA would clash with several different parts of C. cres-
centus SspBa (Figure 7B). One interpretation of these
results is that theC. crescentusSspBa could bind to a cur-
rently unknown ortholog of an a-proteobacteria N-RseA of
sufficiently divergent sequence to avoid steric clashes.
However, based on our observations that SspBa makes
specific side-chain/side-chain contacts with the ssrA pep-
tide substrate, we favor a model where substrate delivery
by SspBa is more narrowly restricted than for E. coli SspB
and is more specifically tuned for delivery of ssrA-tagged
substrates.
Gln74 Acts as a Specificity Gatekeeper
The hydrogen bond between Q74 in SspBa and N5 in
CCssrA explains the selectivity of SspBa for ssrA peptides
containing an NDN motif. For example, E5 in the ECssrA
tag would clash sterically with Q74. Thus, a shorter side
chain at residue 74 should improve SspBa binding to
ECssrA and worsen binding to CCssrA. Indeed, we found
that Q74A SspBa bound CCssrA about 20-fold more
weakly (KD = 5.6 mM; Figure 8A) but bound
ECssrA about
3-fold more tightly (KD = 14.8 mM; Figure 8B). This change
in affinity had functional consequences. The Q74A SspBa
mutant was less active than the wild-type adaptor in
enhancing degradation of GFP with the C. crescentus
ssrA tag (Figure 8C). In addition, Q74A SspBa was more
active than the wild-type adaptor in stimulating degrada-
tion of GFP bearing an adaptor-dependent E. coli ssrA
tag (McGinness et al., 2006) (Figure 8D).td All rights reserved
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Structure of an SspB OrthologFigure 6. Peptide-Binding Contacts
(A) Stereoview of model and electron density
(contoured at 1s) of interactions of SspBa (or-
ange electron density; green labels) with the
NDN motif of the ssrA peptide (blue electron
density; black labels). Key hydrogen bonds
are indicated by dashed lines.
(B) Schematic representation of SspBa/ssrA
interactions. Circles denote residues 1–8 of
the C. crescentus ssrA peptide (purple bonds).
SspBa residues important for forming the bind-
ing pocket (orange bonds) are shown with the
main-chain atoms highlighted in red. Dashed
green lines represent hydrogen bonds be-
tween SspBa and the ssrA peptide. The image
was generated using LIGPLOT (Wallace et al.,
1995) and Adobe Illustrator (Adobe).Q74 is conserved in all members of the SspBa family,
and N5 is present in all a-proteobacterial ssrA tags but
in less than 2% of ssrA tags from other proteobacteria
(K.P. Williams, http://www.indiana.edu/tmrna/). More-
over, the SspBa clade is restricted to a-proteobacteria.
This pattern of conservation suggests that the selective
interaction between the CCssrA tag and the SspBa adap-
tor has been preserved during the diversification of the a-
proteobacteria family from other proteobacteria. Interest-
ingly, it also appears that divergence of the SspB family
(lacking the conserved Q74) and the SspBa family (with
the conserved Q74) occurred concurrent with the loss of
the conserved N5 in the ssrA tag. Although ECssrA con-
tains glutamate at position 5, biochemical and structural
work have shown that this residue is not important for
binding to SspB (Flynn et al., 2001; Levchenko et al.,
2003; Song and Eck, 2003). Based on these observations
and our experimental results, we speculate that the spe-
cific SspBa/ssrA side-chain/side-chain interaction may
have been lost in order to broaden the specificity of
SspB adaptors for delivery of non-ssrA-tagged sub-
strates, as seen with E. coli SspB and N-RseA.Structure 15, 1296–13Increased Spacing of Binding Sites Reduces
SspBa-ClpX Clashes on ssrA
Although the first four and last two residues of the CCssrA
and ECssrA tags are identical, the CCssrA tag is three
residues longer (Figure 1C). This difference results in a
larger spacing between SspBa binding determinants and
the C-terminal AA dipeptide that is critical for ClpX re-
cognition (Figure 9A). In the ECssrA tag, inserting two to
six residues between these regions improves the effi-
ciency of SspB delivery by ameliorating a clash that oc-
curs when ClpX and SspB are bound to the tag in a ternary
complex (Hersch et al., 2004). Increasing this spacing also
lessens the inhibitory effect when SspB cannot tether itself
to ClpX because the XBmotif is deleted or the N domain of
ClpX is removed. To test whether the natural spacing of
binding determinants in CCssrA also lessens potential
clashes, we used a ClpX-DN variant that does not bind
SspB (Wojtyra et al., 2003). In the presence of the cognate
adaptor, ClpX-DN/ClpP degraded GFP-CCssrA more than
twice as fast as GFP-ECssrA (Figure 9B). By contrast, no
significant differences in degradation rates for the two
substrates were observed in the absence of adaptor or05, October 2007 ª2007 Elsevier Ltd All rights reserved 1301
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Structure of an SspB OrthologFigure 7. SspBa Does Not Bind N-RseA
(A) Incubation of an N-RseA peptide (residues
77–108) with SspBa (10 mM or 40 mM) showed
no binding assayed by fluorescence anisot-
ropy. Binding was observed upon addition of
6 mM E. coli SspB to the same reaction.
(B) Modeling of the N-RseA peptide into the
peptide-binding groove of SspBa reveals ste-
ric clashes (highlighted in red) between the
peptide and the protein surface.when full-length ClpX was used (Figure 9B). Although
SspBa binding appears to mask some elements of ClpX
recognition in the CCssrA tag, we conclude that this effect
is less severe than with the shorter ECssrA tag.
Biological Considerations
SspBa delivers ssrA-tagged proteins to the ClpXP prote-
ase complex (Chien et al., 2007; Lessner et al., 2007)
and is found in all members of the a-proteobacteria fam-
ily (Kainth and Gupta, 2005). In most a-proteobacteria
genomes, the genes encoding SspBa are near (<3 kb)
the gene for tmRNA, the RNA molecule that codes for
and mediates addition of the ssrA tag to proteins. This
gene organization is very different in the b- and g-proteo-
bacteria, where SspB is never linked to the tmRNA gene
and is usually tightly linked to a gene, sspA, which en-
codes a transcription regulatory protein involved in acid
resistance and other stress responses. It is conceivable,
therefore, that the ssrA/SspBa interaction is strongly
selected for in a-proteobacteria, whereas this tight cou-
pling in other proteobacteria has been relaxed to allow
SspB to engage other substrates such as N-RseA. This
more specialized role of SspB in a-proteobacteria is con-
sistent with our findings that SspBa-CCssrA recognition
involves additional side-chain contacts in the peptide-
binding pocket (Figure 6) and that the spacing of bind-
ing determinants in the CCssrA tag is more optimal for
SspBa-mediated delivery to ClpXP (Figure 9).1302 Structure 15, 1296–1305, October 2007 ª2007 Elsevier LtIn E. coli, inactivation of tmRNA has a mild effect on cell
growth that stems primarily from an inability to clear
stalled ribosomes and does not depend on appending
a functional degradation tag (Abo et al., 2002; Nakano
et al., 2001). By contrast, deletion of tmRNA in C. cres-
centus results in substantial delays in DNA replication
with concomitant growth defects (Keiler and Shapiro,
2003). Interestingly, there is an even stronger growth de-
fect if tmRNA appends a mutant tag that does not target
proteins to ClpXP (Keiler and Shapiro, 2003), suggesting
that degradation of ssrA-tagged substrates is critical for
proper cell-cycle progression. Although deletion of SspBa
does not have a large effect in C. crescentus under expo-
nential growth conditions (Lessner et al., 2007), the impor-
tance of proper ssrA tagging and the ability of SspBa to
enhance degradation of these ssrA-tagged substrates
may be important under stress conditions.
Our results demonstrate that quaternary architecture
and substrate-presentation geometry are not critical for
delivery by SspB family adaptors. This finding should
simplify the task of designing synthetic adaptors for
substrate targeting to ClpXP. It is now clear that the sub-
strate-binding domains of different SspB orthologs can
adopt similar folds, despite having little sequence homol-
ogy. The sequences and lengths of the linker regions of
SspB orthologs are also poorly conserved, and the XB
motifs can also vary dramatically in sequence (LRVVK in
E. coli; QFRKK in C. crescentus). In fact, these differencesd All rights reserved
Structure
Structure of an SspB OrthologFigure 8. Gln74 in SspBa Acts as a
Gatekeeper
(A and B) The Q74A SspBa mutation weakens
binding of SspBa to the C. crescentus ssrA
peptide but improves binding to the E. coli
ssrA peptide. Solid lines are nonlinear least-
squares fits of the data to a 1:1 equilibrium
binding isotherm; dashed lines show the bind-
ing curves for wild-type SspBa for comparison.
(C) The Q74A SspBamutant is less active than
wild-type SspBa in enhancing C. crescentus
ClpXP degradation of GFP bearing theC. cres-
centus ssrA tag.
(D) The Q74A SspBa mutant is more active
than wild-type in enhancing E. coli ClpXP deg-
radation of GFP tagged with E. coli ssrA-DAS,
a version of the ssrA tag that requires adaptor-
mediated tethering for efficient degradation.initially made it difficult to detect SspB orthologs in a-pro-
teobacteria. At present, SspB orthologs have not been
identified in nonproteobacteria. However, the N-terminal
portions of ssrA tags in nonproteobacteria are often highly
conserved, suggesting that there may be unidentified
SspB-like adaptors. We suggest that identification of
new SspB orthologs should rely more on detection/con-
servation of domain organization and/or on structural
threading methods than on strict adherence to sequence
homology.
EXPERIMENTAL PROCEDURES
Proteins and Peptides
GFP derivatives, ClpX fromC. crescentus and E. coli, and ClpP fromC.
crescentus and E. coli were purified as described (Chien et al., 2007).
Full-length or truncated variants of the C. crescentus SspBa ending at
residues 125, 154, and 157 were produced using the pET28b plasmid,
which appends a thrombin-cleavable His6 tag at the N terminus of the
recombinant protein. Plasmids expressing SspBa derivatives were
transformed into E. coli strain BL21(DE3), grown in LB broth supple-
mented with 50 mg/ml kanamycin at 37C to an OD600 of 0.4–0.6,
induced with 0.4 mM IPTG for 3 hr, and harvested by centrifugation
at 4000 3 g for 20 min. Cells were resuspended in buffer A (50 mM
NaPO4 [pH 8.0], 300 mM NaCl).
Following lysis and clearing of lysates by centrifugation, SspBa var-
iants were purified using gravity-flow chromatography over 1 ml bed
volume Ni-NTA agarose columns (QIAGEN) with 2.5 ml step elutions.
Fractions containing protein were buffer exchanged into buffer QA
(20 mM HEPES-KOH [pH 8.0], 50 mM KCl), and the N-terminal His6
tag was removed by overnight cleavage in solution at 4C with throm-
bin (Novabiogen). The cleavage reaction was loaded directly onto a 1Structure 15, 1296–1ml Resource-Q column and eluted with buffer QA plus 1 M KCl. Frac-
tions containing protein were concentrated by centrifugation in an
Amicon Ultra-15 device with a 10 kDa molecular weight cutoff. SspBa
derivatives were stored in 20mMHEPES-KOH (pH 8.0), 100mMKCl. A
selenomethionine variant of SspBa ending in residue 125 was ex-
pressed using SelenoMet medium (Molecular Dimensions) and was
purified as described above. Peptides and cellulose-based peptide
arrays were synthesized by the MIT Center for Cancer Research Bio-
polymers Laboratory. C. crescentus and E. coli ssrA peptides con-
tained KKGRHG solubilization sequences (KKGRHGAANDNFAEEFA
VAA and KKGRHAANDENYALAA, respectively; sequences in italics
denote the ssrA peptide). For binding experiments, peptides were
synthesized with an N-terminal FITC-bAla. A peptide from the E. coli
N-RseA protein (EAQPAPHQWQKMPFWQKVRPWAAQLTQMGVAA)
was synthesized and labeled in similar fashion (Levchenko et al., 2005).
Biochemical Assays
Solution binding of SspBa to peptides was monitored by changes in
fluorescent anisotropy (Chien et al., 2007; Flynn et al., 2001). ClpXP
degradation assays were performed as described (Flynn et al.,
2001). Peptide arrays were incubated with C. crescentus SspBa (10
mg/ml), extensively washed, and probed with polyclonal antibodies
specific to SspBa. Following incubation with an alkaline-phosphatase
secondary antibody, arrays were developed with a chemifluorescent
substrate (ECF; GE Healthcare) and quantified using a Typhoon scan-
ner (GE Healthcare). Gel filtration was performed using a Sephadex-
200 column on a SMART chromatography system (GE Healthcare).
Crystallization
Crystals were obtained by vapor diffusion at room temperature using
hanging drops containing a 1:1 mixture of protein solution and well
solution with final volumes from 2 to 4 ml. Cubic crystals of the isolated
SspBa protein formed in 1 week using well solutions containing 1.3–
1.5 M (NH4)2SO4, 200–300 mM NaCl, 100 mM HEPES (pH 7.5) (space305, October 2007 ª2007 Elsevier Ltd All rights reserved 1303
Structure
Structure of an SspB OrthologFigure 9. SspBa Binding to ssrA Does
Not Occlude ClpX Recognition Elements
(A) Left: surface representation of C. cres-
centus SspBa bound to its ssrA peptide. Right:
surface representation of H. influenzae SspB
bound to its ssrA peptide. In both representa-
tions, ClpX recognition elements in the ssrA
tags are denoted. C-terminal residues of the
ECssrA tag (LAA) and the CCssrA tag (EFAVAA)
are not ordered in the crystal structure and
were modeled in an extended conformation.
(B) Left: both SspB and SspBa enhance degra-
dation of their cognate substrates by full-length
ClpX and ClpP. Reactions contain of 0.1 mM
E. coli ClpX, 0.3 mMClpP, 1 mMGFP substrate,
and 2 mMSspB or SspBa. Right: a ClpX variant
lacking the N-terminal adaptor docking region
plus ClpP degrades both C. crescentus and
E. coli ssrA-tagged proteins, but SspB binding
occludes the C-terminal AA ClpX recognition
motif in the E. coli ssrA tag, inhibiting degrada-
tion of ssrA-tagged proteins. SspBa binding to
the C. crescentus ssrA tag has a weaker inhib-
itory effect. Reactions contain 0.15 mM E. coli
ClpX-DN, 0.3 mM ClpP, 2 mM GFP substrate,
and 20 mM SspB or SspBa.group P213) or 1.2 M NaK tartrate, 100 mM HEPES (pH 7.5) (space
group F23). Crystals grown in solutions containing (NH4)2SO4 were
cryoprotected using Paratone-N to remove aqueous solvent, whereas
no protection was necessary for the NaK tartrate crystals; both were
flash-frozen and stored in liquid N2. Complexeswere formed by adding
concentrated C. crescentus ssrA peptide to protein stocks to obtain
a 1:1 stoichiometry of protein subunits to peptide. Upon addition to
well solution (1.4–1.6 M NaK tartrate, 100 mM HEPES [pH 7.5] or
1.3–1.7 M [NH4]2SO4, 200–300 mM NaCl, 100 mM Tris-HCl [pH 7.0–
8.0]), phase separation was seen within 2 days. After further incubation
for 2 weeks, hexagonal rod crystals (space group P64) formed via
nucleation from the phase boundary. Crystals were flash-frozen and
stored in liquid N2.
Structure Determination
Crystals were screened using a Rigaku rotating anode source (Cu-Ka
radiation) and an R-axis IV detector. High-resolution diffraction data
from native and selenomethionine-substituted crystals were collected
at Northeastern Collaborative Access Team beamline 24-ID at the Ad-
vanced Photon Source synchrotron at Argonne National Laboratory.
Single anomalous diffraction data were collected on a P64 protein/
peptide complex crystal to 2.8 A˚ resolution. Six selenium sites were
located using the HKL2MAP (Pape and Schneider, 2004) interface to
SHELX (Sheldrick et al., 1993), and the validity of the sites was con-
firmed by the interpretability of the density-modified (DM) map pro-
duced by HKL2MAP. These sites were used as input into autoSHARP
(Vonrhein et al., 2006) for refinement, experimental phase calculation,
and phase refinement by density modification. The resulting DM map
was used to build a nearly complete model using Coot (Emsley and1304 Structure 15, 1296–1305, October 2007 ª2007 Elsevier LtCowtan, 2004). However, this model was not significantly refined;
rather, the model was used as input for molecular replacement with
PHASER (CCP4, 1994) using a higher-quality 2.55 A˚ resolution native
data set (collected from the crystal corresponding to PDB ID code
2QAS). This molecular-replacement solution was refined to conver-
gence by iterative cycles of model building with Coot and final refine-
ment in CNS (Brunger et al., 1998). Table 1 lists collection and refine-
ment statistics.
The structures without peptide in the P213 and F23 crystal forms
were determined by molecular replacement (PHASER) using the sub-
unit of the peptide-bound form as a search model. The P213 crystal
form (two dimers/asymmetric unit [ASU]) was refined to 2.7 A˚ using
CNS. The F23 crystal (one dimer/ASU) was perfectly twinned, requiring
twinning-specific refinement in CNS. Preliminary structures from both
crystal forms resulted in very similar SspBa dimers, although only the
nontwinned P213 form was refined to completion. Three of the four
monomers in the ASU of this crystal form were well defined, whereas
the fourth was disordered with poorly resolved density, especially in
regions farthest away from the remainder of the protein structure. All
four molecules were used during refinement. Structures of the P64
bound and P213 unbound forms were deposited in the PDB under ID
codes 2QAS and 2QAZ, respectively. All structural images were
produced using PyMOL (DeLano, 2002).
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